Cellular immortalization is one of the prerequisite steps in carcinogenesis. By gene expression profiling, we have found that genes in the interferon (IFN) pathway were dysregulated during the spontaneous cellular immortalization of fibroblasts from Li-Fraumeni syndrome (LFS) patients with germ-line mutations in p53. IFN signaling pathway genes were down-regulated by epigenetic silencing during immortalization, and some of these same IFN-regulated genes were activated during replicative senescence. Bisulfite sequencing of the promoter regions of two IFN regulatory transcription factors (IRF5 and IRF7) revealed that IRF7, but not IRF5, was epigenetically silenced by methylation of CpG islands in immortal LFS cells. The induction of IRF7 gene by IFNA in immortal LFS cells was potentiated by pretreatment with the demethylation agent 5-aza-2 ¶-deoxycytidine. Overexpression of IRF5 and IRF7 revealed that they can act either alone or in tandem to activate other IFN-regulated genes. In addition, they serve to inhibit the proliferation rate and induce a senescence-related phenotype in immortal LFS cells. Furthermore, polyinosinic:polycytidylic acid treatment of the IRF-overexpressing cells showed a more rapid induction of several IFN-regulated genes. We conclude that the epigenetic inactivation of the IFN pathway plays a critical role in cellular immortalization, and the reactivation of IFN-regulated genes by transcription factors IRF5 and/or IRF7 is sufficient to induce cellular senescence. The IFN pathway may provide valuable molecular targets for therapeutic interventions at early stages of cancer development. (Mol Cancer Res 2008;6(5):770 -84) 
Introduction
Normal mammalian somatic cells have a limited life span in vitro called the ''Hayflick limit'' (1), in which cells exit the cell cycle and undergo a series of biochemical and morphologic changes resulting in cellular senescence (2) . Cellular immortalization is one of the prerequisite steps in carcinogenesis, which can be defined as an acquired capacity of normal cells to escape replicative senescence and to grow indefinitely. However, immortality is reversible and senescence-like growth arrest can be restored by induction of genes including p53, p63, p73, RB, p21 CIP1 , p16 INK4a , p15 INK4B , p57 KIP2 , E2, IGFBP-rP1, RAF-1, and mitogen-activated protein kinase kinase MKK6 (3).
Li-Fraumeni syndrome (LFS) is a rare familial dominant inherited cancer syndrome typified by early onset of cancer and multiple cancer types in which 75% of the LFS patients carry a germ-line mutation in one allele of the p53 gene (4) (5) (6) . Fibroblasts from LFS patients spontaneously immortalize in culture and there is a high frequency of somatic mutation in the remaining wild-type allele of p53 in those immortal cells (7, 8) . In addition to loss of p53, alterations such as stabilization of telomere length, multiple chromosomal aberrations, and epigenetic promoter silencing are necessary for the induction of cellular immortalization (9) . Using four independent spontaneously immortalized LFS cell lines [MDAH041 (telomerase positive) and three MDAH087 cell lines, MDAH087-N, MDAH087-1, and MDAH087-10 (telomerase negative)] from two LFS patients (7, 8) , we conducted a systematic analysis of the gene expression changes acquired during immortalization and found that the interferon (IFN) pathway, cell cycle genes, and cytoskeletal genes were dysregulated during the immortalization process (7, 10, 11) .
DNA methylation, an epigenetic modification in CpG islands, results in transcriptional silencing of the genes that can alter genomic imprinting (12) , chromatin structure modulation (13) , development (14) , somatic X-chromosome inactivation, and suppression of transposable elements (15) . The 5-methylcytosine content of DNA markedly decreases in aging normal diploid fibroblasts, whereas methylation of DNA is stable in immortal cells (16) . About 60% of mammalian genes have CpG islands in their promoter regions, which, under normal circumstances, are not methylated. In tumor cells, hypermethylation of the CpG islands in promoters results in transcriptional inhibition of tumor suppressor genes (17) (18) (19) . Abnormal promoter hypermethylation and subsequent silencing of gene expression of p16 INK4a , p15 INK4B , p14 ARF , p73, APC, and BRCA1 has revealed that epigenetic changes are one of the common mechanisms leading to cancer (20, 21) . 5-Aza-2 ¶-deoxycytidine (5-aza-dC), a cytosine analogue and a DNA methyltransferase inhibitor, has been used to study epigenetic silencing of key regulatory genes in cancer and to induce senescence in immortal cells (22) (23) (24) . Treatment with 5-aza-dC leads to DNA hypomethylation, which results in reactivation of epigenetically silenced genes (24) (25) (26) .
Previously, we found that the IFN signaling pathway was disrupted during cellular immortalization of all four immortal LFS cell lines through methylation-dependent gene silencing (26) . The IFN signaling pathway may be a tumor-suppressive pathway, and thus dysregulation of this pathway might play a critical role in cellular immortalization. As part of the innate immune response, type I IFNs (IFNa, IFNh, and IFNN) play essential roles in protecting cells from viral infection and exhibit antiproliferative and immunomodulatory activities (27, 28) . Type I IFNs elicit their biological functions through the transcriptional activation of target genes by the Janusactivated kinase/signal transducer and activator of transcription (STAT) signaling pathway and the family of IFN regulatory transcription factors (IRF; refs. [28] [29] [30] . These transcription factors up-regulate certain immediate-early genes such as IFNa4 and IFNb. These early response IFNs, in an autocrine or paracrine manner, lead to the expression of IFN regulatory factor 7 (IRF7) and other secondary antiviral response genes (29, 31) .
The IRFs belong to a growing family of transcription factors with a broad range of activities. IRF7 is an IFN-inducible transcription factor necessary for IFN-stimulated gene (ISG) induction by IFNs (29, 31, 32) . When activated by phosphorylation, IRF7 translocates from the cytoplasm to the nucleus to induce target gene expression by binding to promoter regulatory elements (33, 34) . IRF7 is not normally expressed in cells, but can be induced by IFNa, the STAT pathway, double-stranded RNA, or viral infection. Together with IRF3 and IRF5, IRF7 regulates the late wave (or phase) of transcription of IFN-regulated genes after viral infection. The lack of IRF7 expression in 2fTGH fibrosarcoma cells and several lung cancer cell lines correlated with CpG island hypermethylation in its promoter region and indicated that epigenetic promoter silencing of the IRF7 gene does occur in cancer cells (35, 36) . Similarly, we also found that IRF7 was downregulated in preneoplastic immortal cells, and its expression could be restored by DNA demethylation (26) . Another IFN regulatory factor, IRF5, has a similar function in the induction of type I IFN genes. However, the phosphorylation of IRF5 is virus specific and induces IFNa8 genes (37) . IRF5 can also induce G 2 -M growth arrest and apoptosis by modulating gene expression in a p53-independent manner. Consistent with cell cycle regulatory role, loss of IRF5 expression was observed in many primary hematologic malignancies (38) . Several IRF family members including IRF1 and IRF3 have been shown to regulate tumor suppressor genes and induce growth arrest and/ or apoptosis (39) (40) (41) (42) . Thus, the IFN signaling pathway and IRFs may provide promising new targets for cancer treatment.
In this report, we have focused on elucidating the mechanism(s) responsible for repression of the IFN signaling pathway during immortalization and identifying the responsible transcriptional regulators. Although all LFS cells exhibited a decrease in ISG expression, demethylation agent 5-aza-dC could reactivate IFN-regulated gene expression in those immortal LFS cells. Bisulfite sequencing of the promoter regions of two IFN regulatory transcription factors (IRF5 and IRF7) revealed that IRF7, but not IRF5, was epigenetically silenced by methylation of CpG islands in immortal LFS cells. Overexpression of IRF5 and/or IRF7 in immortal LFS cells, alone or in combination, resulted in (a) up-regulation of other ISGs, (b) a faster and stronger IFN induction on polyinosinic:polycytidylic acid (polyI:C) treatment, (c) inhibition of cell growth, and (d) induction of a senescence-like phenotype in two independent immortal LFS cells. We conclude that the disruption of proper IFN signaling plays a functional role in cellular immortalization, and activation of IFN-regulated genes through transcription factors IRF5 and/or IRF7 is capable of inducing senescence.
Results

IFN-Stimulated Genes Are Differentially Regulated in Immortal and Senescent LFS Fibroblast Cells
Using gene expression profiling analysis, we have previously found that spontaneous immortalization of LFS cell lines correlated with epigenetic gene silencing due to promoter CpG methylation (26) . We identified a number of genes whose expression level was down-regulated after immortalization but up-regulated by 5-aza-dC treatment, suggesting that these genes may be epigenetically regulated by promoter hypermethylation during immortalization. Among these genes, we found a significant number of ISGs as well as other genes involved in the IFN signaling pathways. Because the IFN signaling pathway is a growth-suppressive pathway, we hypothesized that its impairment might represent an important early event in carcinogenesis, specifically associated with immortalization. Further analysis of the ISGs differentially expressed among the four immortal LFS cell lines using hierarchical clustering (Supplementary Fig. S1A ) and multidimensional scaling analysis ( Supplementary Fig. S1B ) supported the previous observations that treatment of immortal cell lines with 5-aza-dC could reverse immortality and induce senescence (10, 24, 43) . Both methods confirmed the dysregulation of distinct sets of ISGs within the LFS cell lines studied, indicating that the mechanisms involved in the disruption of the IFN pathway might differ from cell line to cell line but that the IFN pathway was consistently abrogated.
We examined the expression of a representative set of ISGs using quantitative reverse transcription-PCR (RT-PCR) to confirm the gene expression changes found in our microarray data. TLR3, IFNa, IFNb, IRF5, IRF7, STAT1, and OAS1 were selected from those genes that were up-regulated following 5-aza-dC treatment (10, 43) , as well as transcription factors and genes downstream in the IFN pathway. The quantitative RT-PCR results of untreated, immortalized cells showed down-regulation of these ISGs albeit to different extents in each of the four immortal cell lines as compared with the isogenic precrisis LFS cells (Table 1A) . Consistent with microarray findings, the expressions of these genes were all induced following 5-aza-dC treatment (Table 1B) . Western blot analysis of selected ISGs revealed similar results (data not shown and refs. 10, 43) . PolyI:C treatment, which mimics viral infection and induces the IFN pathway, failed to induce IFN-regulated gene activation in three of four immortal LFS cell lines, also indicating a functional inactivation of this pathway (data not shown). Thus, these results confirmed the disruption of the IFN pathway through epigenetic silencing during immortalization of all four LFS cell lines.
Immortalization of LFS fibroblasts, which occurs at low frequency in culture, results from cells escaping from senescence. We sought to determine whether up-regulation of IFN-regulated genes was associated with cellular senescence. Precrisis MDAH041 were grown in culture to 23 population doublings (PD 23), at which point senescence-associated h-galactosidase (h-gal) assay indicated that 40% to 60% of the these cells had entered into senescence (data not shown). Quantitative RT-PCR was then used to compare ISG mRNA expression of these senescent cells (PD 23) to proliferating early PD (PD 13) MDAH041 cells. We found that expression of four of six IFN-regulated genes had increased by at least 3-fold at senescence, with the most significant change in IFNa (Table 2 ). Quantitative RT-PCR done on senescing normal HCA2 (PD 75) and AFB-10 (PD 21) fibroblasts gave similar results with even more significant induction of ISGs (Table 2) when they were compared with normal proliferating AFB-10 fibroblasts (PD 1). By Western blot analysis of senescing MDAH041 cells (PD 23), we observed increased expression of IRF5, IRF7, and STAT1 proteins during senescence, as well as an increase in STAT1 phosphorylation at Tyr 701 ( Fig. 1 ). The induction of these genes in senescing cells strongly supported that the IFN pathway is a growth-suppressive pathway (44) (45) (46) (47) (48) and its repression is a requirement for immortalization.
Promoter Methylation Analysis of Normal and LFS Fibroblast Cells
We have observed that the repressed IRF5 and IRF7 genes could be reactivated on demethylation treatment (Table 1B) . To investigate whether the genes for these two critical IFN regulatory factors were silenced by promoter hypermethylation, we examined 1,000 bp upstream and downstream to the transcription start site of these genes and identified CpG islands using MethPrimer software (49) . Within a 2,000-bp region around each transcription start site, large computational CpG islands were found in the promoter regions of both genes (À415 to +197 bp for IRF5 and À280 to +324 for IRF7). To determine the methylation status of the CpG islands in these two genes, we carried out PCR and DNA sequencing of these regions using sodium bisulfite -modified genomic DNA from normal and LFS cells. Interestingly, we found that the IRF7 gene was heavily methylated (>97% of the total 31 CpG dinucleotides) in the promoter region of immortal MDAH041 cells, partially methylated in the precrisis cells, and not methylated (<2%) in the control normal fibroblasts, NDF1502 ( Fig. 2A and B) . In MDAH087 cell lines, we found little methylation in the precrisis MDAH087 or MDAH087-N immortal cells, but there was hemimethylation in MDAH087-1 and MDAH087-10 immortal cells (Fig. 2C) . Furthermore, we did observe loss of chromosome 11p (RP1-44H16-cM0.8 to AC134982.5-cM48.5), which corresponds to the location of IRF7 sequences using comparative genomic hybridization (data not shown) in MDAH087-1 and MDAH087-10 cell lines. Because both mechanisms of IRF7 inactivation are observed, this indicates the importance of this genetic event, loss of IRF7, in immortalization. In addition, analysis of an EBV-immortalized lymphoblastoid cell line from patient MDAH041 and an immortal lymphoblastoid cell line from an affected sibling (MDAH275) indicated that the IRF7 gene was also hemimethylated in these cell lines (data not shown). In contrast, genomic DNA prepared from fresh lymphoblasts of patient MDAH041 did not reveal any germ-line IRF7 promoter methylation. However, no promoter methylation was detected for IRF5 in any normal or LFS cell line (data not shown), suggesting a nonepigenetic mechanism in the down-regulation of IRF5 expression. Furthermore, although the expression of TLR3, IFNb, and OAS1 was also induced by 5-aza-dC treatment, no CpG island was revealed by MethPrimer software in their promoter regions (data not shown). This finding indicated that the induction of those ISGs might be an indirect result from the 5-aza-dC reactivation of the transcription factor IRF7, which was repressed through epigenetic silencing in our immortal LFS cells.
Effect of DNA Demethylation and IFNa Treatment on IRF7 Expression and Cell Proliferation
The epigenetically silenced IFN-regulated (or responsive) genes can be reactivated by 5-aza-dC, which is maximal following 6 days of 5-aza-dC treatment. To further evaluate DNA demethylation in the regulation of the IFN pathway, we examined the combined effects of 5-aza-dC and IFNa on IRF7 gene expression in the four immortal LFS cell lines using a suboptimal 2-day treatment with 1 Amol/L 5-aza-dC alone as well as a combination treatment with 1,000 units/mL IFNa.
Consistent with the findings from the 6-day treatments, DNA demethylation with 5-aza-dC treatment for 2 days mildly induced IRF7 gene expression in the four immortal LFS cells. Under these conditions, the expression level of IRF7 was not significantly altered in normal AFB-10 fibroblasts or precrisis MDAH041 and MDAH087 fibroblasts (Fig. 3) . A 2-day IFNa treatment alone increased IRF7 expression in normal AFB-10, precrisis MDAH041 cells, and immortal MDAH087-1 and MDAH-10 cells, with only minor changes in immortal MDAH041, precrisis MDAH087, and immortal MDAH087-N cells. When those normal and LFS fibroblast cells were pretreated for 2 days with 5-aza-dC and then treated with IFNa, additive induction of IRF7 gene was observed in all four immortal cell lines, with the strongest response in immortal MDAH041 cells. Combined treatment did not result in significantly more IRF7 expression in normal AFB-10, precrisis MDAH041, and precrisis MDAH087 cells compared with 5-aza-dC or IFNa treatment alone. This indicated that the IFN induction of IRF7 expression, an important regulator of the IFN pathway, was very sensitive to methylation status of its promoter. The combination of 5-aza-dC and IFNa potentiated the effects on gene expressions of TLR3, IFNa, IFNb, STAT1, and OAS1 (data not shown). The same expression patterns of those ISGs on 5-aza-dC and IFNa treatment also suggested that the absence of endogenous IFN production in immortal LFS cell lines might be due to promoter methylation of their key transcription factor, IRF7. Thus, epigenetic silencing of IRF7 may be a critical step (early event) in the immortalization process.
This result supported our hypothesis that the impairment of the IFN pathway resulted from promoter methylation of the ISGs and could be restored by demethylation. This was also consistent with senescence-associated h-gal staining assay of the LFS cells after 5-aza-dC treatment ( Fig. 4; ref. 26 ). In precrisis LFS cells, similar numbers of cells appeared senescent with or without 5-aza-dC treatment, whereas senescenceassociated h-gal activity significantly increased f2-to 8-fold in all four immortal cell lines after 5-aza-dC treatment (Fig. 4) .
Because 5-aza-dC treatment was able to induce senescence and potentiate IFNa induction of IRF7 expression, we tested whether 5-aza-dC and IFNa treatment had a similar effect on cell growth of immortal LFS cells. We used suboptimal doses of 5-aza-dC in combination with increasing concentrations (111, 333, and 1,000 units/mL) of IFNa. Compared with untreated immortal MDAH041 cells, treatment with either 5-aza-dC or IFNa suppressed cell growth in a dose-dependent manner ( Fig. 5 and data not shown). This inhibition was potentiated by the combination of the two agents: IFNa combined with a low dose of 5-aza-dC treatment (0.1 Amol/L), which normally did not influence immortal MDAH041 cell growth, resulted in a greater reduction in cell number (f20% to f45%) compared with IFNa treatment alone (f5% to f30%; Fig. 5 ). Using poly(ADP-ribose) polymerase assay as a marker for cell death, we did not observe any cleavage of poly(ADPribose) polymerase in MDAH041 immortal LFS cells (data not shown), suggesting that no apoptosis occurred in this cell line on 5-aza-dC or IFNa treatment.
Disruption of Innate Immunity in Immortal LFS Fibroblasts
The IFN pathway is activated in normal cells by viral infection as part of the innate antiviral immune response, and cells that have a fully functional innate, antiviral system are able to protect themselves and neighboring cells against a low dose of virus, largely due to the induction of the protective IFN signaling cascade. Disruption of the IFN pathway often sensitizes cells to enhanced cytolytic responses following viral infections (50) . Using a vesicular stomatitis virus sensitivity assay, we examined the state of the innate antiviral immune response in the immortal LFS cell lines. The immortal LFS cell lines generally displayed higher sensitivity to lowdose virus infection compared with control (AFB-10 cells) or precrisis LFS cells (Fig. 6A) , suggesting that partial dysregulation of the antiviral signaling pathway had occurred during immortalization. However, all cell lines were sensitive to highdose (multiplicity of infection, 5) virus infection, which probably overwhelmed their already dysfunctional IFN response pathway. The state of IFN dysregulation was also apparent following IFN pretreatment before virus infection. IFN pretreatment was able to protect all cells except the MDAH087-1 cell line (Fig. 6B) , confirming that this cell line is unable to establish an IFN-inducible antiviral state and thus lacks a functional IFN signaling pathway. In summary, functional analysis by direct IFNa induction, polyI:C treatment, and vesicular stomatitis virus viral sensitivity assays all showed that the IFN pathway was disrupted after spontaneous immortalization of LFS cells.
Overexpression of IRF5 and IRF7 Can Reduce Proliferation and Induce Senescence in Immortal MDAH041 and MDAH087-1 LFS Fibroblast Cells
To address the role of IRF5 and IRF7 transcriptional activity in cellular mortality, we overexpressed IRF5 and IRF7 in immortal LFS fibroblasts. Immortal MDAH041 and MDAH087-1 cell lines were stably transfected with IRF5, IRF7, or both of these genes. After G418 selection for 14 days, the cells were harvested to measure the RNA and protein expression levels of IRF5 and IRF7, as well as other known IRF inducible genes (Table 3 ; Fig. 7 ). As expected, IRF5 mRNA expression was up-regulated compared with the vector control (3.1-fold) in IRF5-transfected cells and IRF7 mRNA was highly overexpressed (657-fold) in IRF7-transfected cells. Both IRF5 and IRF7 were up-regulated albeit to a lesser extent in combined transfections of the two transcription factor partners (2.19-fold for IRF5 and 572-fold for IRF7). Higher levels of expression of several ISGs were observed after transfection of IRF5 or IRF7 even without viral infection or polyI:C treatment. Expression of IFNa, IFNb, IRF7, and OAS1 was moderately elevated in IRF5 singly transfected cells. Slight increases in IFNa and IFNb gene expression were observed in IRF7-overexpressing cells, whereas only OAS1 was up-regulated in IRF5/IRF7 -cotransfected cells (Table 3A) . Western blot analysis confirmed the higher protein expression of IRF5 and/or IRF7 in the respective transfected cells (Fig. 7A and B) . In contrast, no significant change in TLR3 and STAT1 mRNA or STAT1 protein expression was observed in any transfected cells, indicating that TLR3 and STAT1 are upstream of IRFs in the IFN signaling pathway.
To determine whether the kinetics of ISG expression was altered in IRF5-and IRF7-transfected cells on polyI:C stimulation, which mimics viral infection, RNA was harvested as a function of time after polyI:C treatment. A small increase in IRF5 at 8 hours and in IRF7 between 4 and 6 hours was seen in vector control cells. In IRF5 singly transfected cells, which already had higher expression levels of both IRF5 and IRF7, additional induction of both genes was transiently observed when the cells were treated with polyI:C for only 1 hour. In IRF7 single transfectants that highly overexpressed the IRF7 gene, we detected up-regulation of IRF7 mRNA after 1 hour of polyI:C stimulation, which persisted until 6 hours. In IRF5/ IRF7 double transfectants, additional increases of IRF5, but not IRF7, mRNA expression were observed at 2 and 6 h posttreatment (Table 3B) . PolyI:C treatment for 8 hours activated TLR3 in vector control cells, whereas as little as 1 hour of stimulation was sufficient to induce TLR3 mRNA in IRF5-transfected and IRF5/IRF7 -cotransfected cells. Similar gene expression patterns were detected for IFNa and OAS1 mRNA. IFNa mRNA expression was only slightly up-regulated after 4 hours of polyI:C treatment and the mRNA returned to untreated levels at 24 hours in vector control cells. In IRF5-transfected cells, IFNa was briefly elevated after 1 hour of polyI:C treatment. In contrast, polyI:C treatment of IRF5/IRF7 double transfectants resulted in a similar but stronger induction of IFNa mRNA after 1 hour, and importantly, this induction persisted for 24 hours. OAS1 mRNA was induced after 6 hours of polyI:C treatment in vector control cells, whereas its rapid (as early as 1 hour) and persistent up-regulation was observed after stimulation of either single or double transfectants (Table 3B) . No significant differences were detected in the induction patterns of STAT1 and IFNb mRNA in any of the transfectants or vector control cells (data not shown). Overall, overexpression of IRF5 and IRF7 induced a rapid, stronger, and more persistent activation of the IFN pathway following polyI:C treatment.
As transcriptional mediators of virus-and IFN-induced signaling pathways, nuclear translocation is critical for the activation and function of IRF3 and IRF7 after viral infection or polyI:C treatment, whereas nuclear trafficking of IRF5 can only be induced by overexpression of TBK1 or IKKq (51, 52) . No change of IRF3 expression was found in any of the four immortal MDAH cell lines excluding its involvement in the immortalization process. The expression pattern of IRF5 was found to be restricted to the cytoplasm in both control and IRF5-transfected cells even on polyI:C induction, which was similar to other researcher's findings (data not shown, refs. 51, 52). To determine the subcellular localization of IRF7 protein, immunostaining was done on immortal MDAH041 control and IRF7-transfected cells with or without polyI:C treatment. As expected, stronger immunofluorescence of IRF7 proteins was detected in IRF7-transfected cells, corresponding to its overexpression (Fig. 8) . Without any activation, IRF7 immunofluorescence was located in both the nucleus and cytoplasm of IRF7-transfected cells (Fig. 8B, first row) , whereas weak staining of IRF7 was found in the control cells and this was restricted to the cytoplasm (Fig. 8A, first row) . After 4 hours of polyI:C treatment, some positive IRF7 staining was observed in the nucleus of the untransfected control cells (Fig. 8A, second row) , whereas in IRF7-transfected cells strong nuclear accumulation of IRF7 was detected, which colocalized with 4 ¶,6-diamidino-2-phenylindole nucleus staining (Fig. 8B,  second row) . By 24 hours of polyI:C induction, IRF7 remained predominantly in the nucleus of both cells (Fig. 8A and B, third  row) . The significant localization of IRF7 protein in the nucleus of the transfected cells under basal conditions and its rapid nuclear translocation in response to polyI:C induction indicate that the overexpressed IRF7 protein was biologically activated without or with polyI:C treatment of the transfected cells.
To investigate whether IRF5 and IRF7 function as growthsuppressive genes, cell proliferation assays were carried out on single and double transfectants immediately following a 14-day drug selection. The overexpression of either IRF5 or IRF7 in immortal MDAH041 cells resulted in reduced proliferation rates compared with vector control cells (Fig. 9A ). IRF5 and IRF7 transfectants also displayed reduced cell growth, f85% and f75% of that of vector control cells, respectively, whereas the combination of IRF5 and IRF7 showed the most growth inhibition, slowing the cell growth rate to f65% compared with vector control cells. The IRF5-, IRF7-, and IRF5 + IRF7 -transfected cells and vector control -transfected MDAH041 cells were cultured for over additional PD 30 (PD 0 started at day 14 after transfection) to examine the effect of these transcription factors on cellular life span. The continuous expression of IRF5 and/or IRF7 in the transfected cells was verified by Western blotting (data not shown). Consistent with cell proliferation assay shortly after transfection, the IRF5 and IRF7 MDAH041 single transfectants maintained a slower population doubling rate, which was further reduced in the double transfectant cells (Fig. 9C) . Therefore, the overexpression of IRF5 and/or IRF7 reduced the growth rate of immortal MDAH041 cells. Interestingly, the level of expression of these transcription factors diminished during extended passage in culture (data not shown), consistent with their growthsuppressive activity (see Fig. 9A and B). Similar findings were observed in a parallel transfection study of MDAH087-1 cells (Fig. 9B and D) . We also examined whether the overexpression of IRF5 and/ or IRF7 could promote senescence in transfected immortal MDAH041 cells using the senescence-associated h-gal activity assay for detecting senescent cells. In cultures of precrisis MDAH041 cells (PD f23) in which the majority of the cells are going into senescence, we observed that 43% of the cells displayed senescence-associated h-gal staining (Fig. 10A) . The background staining in the cultures of MDAH041 immortal cells was f5%. Stable transfection of each of the individual transcription factors, IRF5 or IRF7, induced an additional 5% senescence-associated h-gal staining over background. The combination of IRF5 with IRF7 was able to induce senescenceassociated h-gal activity in 19.3% of the cells, which is equivalent to that observed in 5-aza-dC -treated immortal MDAH041 cultures. Similar results were observed in IRF5 + IRF7 -overexpressing MDAH087-1 (Fig. 10B) cells.
Discussion
Immortalization is one of the earliest and essential cellular mechanisms associated with the onset of carcinogenesis. Microarray-based transcriptional profiling of the four immortal LFS cell lines revealed down-regulation of numerous IFNregulated genes due to epigenetic silencing (10, 43) . Here, we extended these findings by functional analysis of this pathway following treatment with IFNa and polyI:C, as well as evaluation of these cell lines in viral sensitivity assays. All of the four immortal LFS cell lines displayed defects in the IFN signaling pathway compared with precrisis LFS or normal human fibroblasts. Although the specific mechanisms of inactivation of the IFN pathway may be different among cell lines, the repression of this pathway seems to be a consistent feature of the four immortal LFS cell lines studied. The involvement of certain IFN pathway genes as tumor suppressors in carcinogenesis was further supported by the fact that overexpression of the transcription factors IRF5 and IRF7 was able to reverse the immortal phenotype and induce senescence, which was independent of the expression of telomerase. However, only mild up-regulation of ISG expression was found in IRF7-and IRF5 + IRF7 -overexpressing cells without further stimulation, which indicated that the effect of both IRFs on growth inhibition and senescence was not directly related to the activity of the Janus-activated kinase/STAT signaling/IFN pathway because IRF7 is the master regulator of IFN type I genes. Furthermore, the defect of innate immunity could not be restored in these IRF-overexpressing cells (data not shown), supporting the notion that modulators other than the type I IFN pathway were involved in innate immunity.
Interestingly, we found that expression of the IRF7 gene is repressed by promoter hypermethylation. A mixture of methylated and unmethylated alleles of IRF7 was found in precrisis MDAH041, and it was nearly completely methylated in immortal MDAH041 cells. This suggested that one allele of IRF7 was already methylated in precrisis stage and the other allele was unmethylated until or during immortalization. As the cells progressed out of crisis and reached the stage of unrestricted growth, the second allele of IRF7 in MDAH041 also acquired promoter methylation, which further led to complete suppression of IRF7 gene expression. We are not able to exclude the possibility that the methylation detected in the IRF7 promoter region in the second allele may be the result of gene conversion or chromosome translocation because no polymorphic marker was found in the promoter region of IRF7. Little IRF7 promoter methylation was detected in the precrisis MDAH087 cells or MDAH087-N immortal cells, whereas in MDAH087-1 and MDAH087-10 immortal cells, there was loss of chromosome 11p15, detected by comparative genomic hybridization (data not shown), in addition to promoter hemimethylation. Therefore, both chromosome loss and epigenetic mechanisms account for the repression of the IRF7 gene in those two immortal cell lines (MDAH087-1 and MDAH087-10).
IRF7 is located at 11p15.5, a well-known region containing several imprinted genes including H19 and IGF2 (53). However, bisulfite sequencing of DNA from fresh lymphoblasts of MDAH041 indicated no germ-line IRF7 promoter methylation, although hemimethylation was observed in the IRF7 promoter regions of EBV-immortalized MDAH041 lymphoblasts and MDAH275 lymphoblasts (an affected sibling of patient MDAH041) as well as precrisis MDAH041 fibroblasts. This excluded the possibility of germ-line imprinting of IRF7 gene in these high-risk cancer patients and suggested that promoter methylation might be one of the early steps in spontaneous cellular immortalization and in EBVmediated immortalization as well. Interestingly, although both IRF7 and IFN inducible 9-27 (IFITM1) are located within 300 kbp of this well-known imprinted region, only IRF7 has significant CpG islands in its promoter region. IRF7 expression was not inducible by IFNa or polyI:C treatment, whereas IFITM1 expression was responsive to IFNa treatment (data not shown). IRF5 is located at 7q32, another chromosomal region known to harbor several imprinted genes. However, similar to another transcription factor in the IFN pathway (STAT1; ref. 43) , we found no significant CpG methylation in the IRF5 promoter region although large CpG islands are present. We suspect that the reduced expression of IRF5 and STAT1 during immortalization was regulated through other genes directly regulated by methylation or by indirect mechanisms, possibly through an IRF7-mediated transcriptional control mechanism. Double-stranded RNA treatment (polyI:C) and IFNa stimulation had similar but distinct effects on IRF7 and IRF5 gene expression. The differential impairment of ISG expression indicated that different ISG expression changes contributed to the disruption of the IFN pathway but the specific defects in IFN signaling vary among the immortal LFS cell lines. Possibly, double-stranded RNA and IFNa trigger similar but nonidentical signaling pathways among the four immortal cell lines. This hypothesis was supported by a recent study in which it was shown that two distinct signaling pathways could modulate the transcriptional activity of IRF7. In cells with IFNa/h or Janus-activated kinase/STAT gene inactivation, IRF7 genes can still be induced by complex formation of IRF3 with cyclic AMP -responsive element binding protein -binding protein and p300 independent of IFN signaling (54) .
Overexpression of IRF5 and IRF7 resulted in elevation of several ISGs in the absence of polyI:C treatment, suggestive of double-stranded RNA -independent signaling events. Furthermore, in the IRF-transfected LFS immortal cells, a more rapid and more robust activation of the IFN pathway was observed on polyI:C stimulation, suggesting partial restoration of the abrogated IFN signaling pathway. As direct transducers of antiviral responses, IRF5 and IRF7 induce the expression of different subtypes of IFNa genes (37) . Although they share similar signaling systems, the differential expression patterns and kinetics of ISGs on polyI:C induction in IRF5-or IRF7-transfected immortal LFS cell lines indicated that they might have nonredundant roles in both innate immune responses and cell cycle control. Consistent with our observations, a recent study comparing the differences of the gene expression profiles between IRF5-and IRF7-transfected BJAB cells found that distinct sets of genes were induced by IRF5 and IRF7 (55) . In addition, there was a large number of overlapping genes induced by these factors. The stimulation of several cell cycle regulatory genes in both IRF5-and IRF7-overexpressing cells was consistent with the growth inhibition roles we found in our immortal LFS cells.
Another transcription factor, IRF3, which is a binding partner of IRF5 and IRF7, also plays a critical role in the regulation of IFN and IFN-inducible genes. However, neither the mRNA nor protein level of IRF3 was altered in any of the four LFS immortal cell lines (data not shown), which excluded its direct involvement during the immortalization process of LFS cells. In addition to IRF5 and IRF7, we have also examined the effect of ectopic expression of another key IFN regulatory factor, STAT1, on cellular mortality (43) . Although not epigenetically regulated, STAT1 mRNA and protein expression were also down-regulated in immortal MDAH041 cells and up-regulated by DNA demethylation treatment (43) . Overexpression of the transcription factors IRF5 and IRF7s did not increase STAT1 expression level in our experiments, which was consistent with the findings of others that STAT1 functions upstream of IRFs (29, 31) . Unlike IRF5 and IRF7, reexpression of STAT1 alone was not able to affect growth rate, immortality, or induce senescence in immortal MDAH041 cells (43) . Thus, immortalization may result from defects downstream of STAT1 in the signaling pathway, but this does not exclude the possibility that additional coactivators or binding partners such as STAT2/ IRF9 are necessary.
The process of immortalization clearly involves several genetic events and impairment of multiple signal pathways. The precrisis LFS fibroblasts used in our study only have one copy of the wild-type tumor suppressor gene p53, which is lost on immortalization. However, loss of the wild-type p53 gene is not sufficient for immortalization to occur, and additional events are required for cells to escape senescence and immortalize (8) . Another tumor suppressor gene, p16
INK4a , the cyclin-dependent kinase inhibitor of retinoblastoma (RB) protein phosphorylation, has been reported to be epigenetically silenced in cancer and immortal cell lines and up-regulated in senescence human fibroblasts (56) (57) (58) . In our LFS fibroblasts, loss of p16
INK4a
through both genetic and epigenetic mechanisms may also be an important contributing factor in immortalization, as two of the four cell lines (immortal MDAH041 and MDAH087-N cells) had inactivated p16
INK4a as evidenced by promoter hypermethylation of one allele and gene deletion of the other allele, whereas the other two cell lines (MDAH087-1 and MDAH087-10 cells) had incurred biallelic gene deletion of p16
INK4a (10) . Furthermore, in addition to the significant role that the IFN pathway plays in immortalization, we identified two other pathways, cell cycle and cytoskeletal, which were also disrupted in the immortalization process (10) .
In summary, this study showed a critical role for the transcription factors IRF5 and IRF7 in the suppression of the IFN pathway during cellular immortalization. Reactivation of IFNregulated genes by overexpression of these transcription factors or demethylation of their promoters was sufficient to induce senescence. Therefore, cellular immortality and senescence are reversible traits that are controlled by multiple mechanisms including cell cycle control, cytoskeletal proteins, and the IFN pathway.
Materials and Methods
Cell Culture
The NDF1502 cells, MDAH041 cell lines, and MDAH087 cell lines used in this study and their culture conditions were previously described (26) . The MDAH fibroblast cells, which came from two LFS patients and have limited life span, were named precrisis cells (PC) in contrast to the spontaneously immortalized cell lines (IM). Precrisis MDAH041 cells were cultured from PD 13 up to PD 23. Precrisis MDAH041 cells begin to accumulate senescent cells after PD 20 but remained viable with reduced proliferation and a characteristic large, flattened senescent morphology. These cells (PD 23) were defined as senescent cells and were used for quantitative RT-PCR and Western blots. Normal adult dermal fibroblasts (AFB-10) were established from fresh tissue samples, 4 and by PD 21 of culturing, exhibited numerous senescent cells. RNA from normal human fibroblasts HCA2 (PD 75) at the time of senescence was a kind gift from Dr. James R. Smith.
5-aza-dC, polyI:C, and IFNa Treatment
Treatment of all the cells with 5-aza-dC (Sigma-Aldrich, Inc.) for microarray and quantitative RT-PCR experiments followed the protocol described earlier (10, 26) .
PolyI:C (Amersham Biosciences Corp.) was diluted according to the manufacturer's instruction, and 100 Ag/mL polyI:C was applied on IRF-transfected cells for different time periods (1, 2, 4, 6, 8 , and 24 h). The untreated control cells were changed with fresh medium for 24 h before total RNA was harvested.
Cells were treated with IFNa (Biosource International, Inc.) and/or 5-aza-dC: (a) 1 Amol/L 5-aza-dC in MEM for 2 d; (b) 1,000 units/mL IFNa in MEM for 2 d, with medium changed on day 3 to regular MEM for 2 more days; or (c) 1 Amol/L 5-aza-dC in MEM for 2 d, with medium changed on day 3 to MEM with 1,000 units/mL IFNa. On the 5th day, total RNA and proteins were isolated for quantitative RT-PCR and Western blots.
To examine whether 5-aza-dC synergistically promotes the effects of IFNa on cell growth, immortal MDAH041 cells were treated with lower concentrations of 5-aza-dC (0.1 and 0.3 Amol/L), IFNa (111, 333, and 1,000 units/mL), or the combinations of 5-aza-dC and IFNa for 24 h. Cell growth rate was measured on the 6th day by counting the cell numbers. Each treatment was done in triplicate wells and each experiment was repeated at least twice. Results represented the percentage of cell counts compared with untreated control cells at the indicated treatment.
Senescence-Associated b-Gal Staining Assay
The senescence-associated h-gal assay was done as previously described (43) . Five independent fields were randomly chosen and analyzed for counting the stained cells. Each field included at least 50 cells.
Quantitative RT-PCR
Total RNA was extracted from each experiment with the Qiagen RNeasy Kit. Two micrograms total RNA were reverse transcribed into cDNA using Superscript II (Invitrogen). Quantitative RT-PCR was done with SYBR Green PCR Detection kit (PE Biosystems) as previously described (26) . The relative fold change of the gene of interest is calculated by normalizing it to an endogenous gene, GAPDH, which was not changed during various treatments, and comparing it with its control sample [2 ÀDDC t , where DDC t = (C t gene of interest À C t GAPDH ) experiment À (C t gene of interest À C t GAPDH ) control ]. The primer sets used are listed in Supplementary Table S1 . For each experiment, two independent RNA preparations as biological replicates were used and revealed the same trend. Triplicate wells were done in each individual experiment and the results were expressed as the average of those three wells with <5% SD. Only one representative experiment was chosen to be presented in the article.
Western Blots
Western blots were done as described (10, 43) using 50 Ag of cell extracts from normal and LFS cells. The primary antibodies used in our study were anti-IRF5 (Abcam, Inc.); anti-STAT1, anti-IRF7, and anti -a-tubulin (Santa Cruz Biotechnology, Inc.); anti -phospho-STAT1 (Tyr 701 ; Cell Signaling Technology, Inc.); and anti-flag M2 antibody (Sigma-Aldrich). The Alexa Fluor 680 -labeled secondary antibodies were from Molecular Probes and the Li-Cor IRDye 800 -labeled secondary antibodies were from Rockland Immunochemicals. The signal was then detected using the Odyssey Infrared Imaging System (Li-Cor Biosciences).
PCR Amplification, Cloning, and Sequencing of BisulfiteModified Genomic DNA Genomic DNAs were prepared with the Puregen DNA isolation kit (Gentra System). Genomic DNA (1 Ag) was denatured and treated with 3.6 mol/L sodium bisulfite as described (43) . The sodium bisulfite -modified genomic DNA was suspended in 50 AL of water and 10 AL of DNA were amplified by PCR with two nested PCR reactions. The annealing temperature was 56jC for the first PCR and 58jC for the second PCR (IRF7). The two sets of primers were F1, 5 ¶ GTAAGGGTTTTTGTCG-TAGTAGACGTTAG (À510), and R1, 5 ¶ AACGTAATAATT-CATACCTATAATCCCAAC (+460); F2, 5 ¶ GGTTATAGGTG-TGATTGTAGGTGTG (+376), and R2, 5 ¶ CCCTAAACTATA-ATAAAATAACTCCATCTC (À221).
The numbers in parentheses indicate the relevant position to the transcription start site of IRF7 (NM001572). The PCR products were cloned into pCR2.1-TOPO vector (Invitrogen Life Technologies) using the TOPO-TA Cloning Kit (Invitrogen Life Technologies). Ten clones for each PCR were subjected to double-strand DNA sequencing using M13-reverse and T7 primer on the vector. To avoid clonal bias in the PCR products, the bisulfite treatment and subsequent PCR and sequencing were repeated at least once as an independent DNA preparation.
Transfection of IRF5 and/or IRF7 into Immortal MDAH041 and MDAH087-1 Cells pCMV-IRF5 and pCMV-IRF7 vectors were kind gifts from Dr. Paula M. Pitha. pCMV-IRF5, pCMV-IRF7, or the combination of these two vectors was transfected into immortal MDAH041 and MDAH087-1 cells using Lipofectamine reagent (Invitrogen Life Technologies) according to the manufacturer's instructions. After 48 h of transfection, the cells were selected in growth medium with 200 Ag/mL G418. The stably transfected cells were also treated with polyI:C as described earlier. Two independent transfection experiments were done and representative data from one of the experiments are shown in Results.
Subcellular Localization of IRF7 Proteins
Immortal MDAH041 control and IRF7-overexpressing cells were seeded on coverslips and treated with 100 Ag/mL polyI:C for 4 or 24 h. Cells were then fixed with fresh 3.7% formaldehyde and then permeabilized in 0.25% Triton X-100/ PBS, blocked in 5% donkey serum/PBS, and incubated with anti-IRF7 antibody (in donkey serum, 1:100 dilution) for 1 h, followed by 1-h incubation with Alexa Fluor 488 secondary antibody (1: 200 dilution; Invitrogen Life Technologies). Coverslips were then mounted in Prolong Gold antifade reagent with 4 ¶,6-diamidino-2-phenylindole (Invitrogen Life Technologies) and examined under a fluorescence microscope. All pictures were taken at a magnification of Â40.
Proliferation and Life Span Assays
pCMV-IRF5 -and/or pCMV-IRF7 -transfected cells were seeded in 24-well plates (5 Â 10 3 per well) at 14 d after transfection. A hemocytometer was used to count cell numbers every 3 d for the next 24 d. The experiment was done in triplicate wells and each experiment was repeated at least twice. The results were shown as the average cell number of the three wells with SD at <10%. Life span assay was also done by continuously culturing those transfected cells over PD 30 as described earlier (43) .
